Introduction
calcium transients remain unchanged [4, 5] . Hence, while 80-90% of intracellular calcium is taken up by the Despite the decreased contractile function, myocardial sarcoplasmic reticulum (SR) [6, 7] and at least 70% of VO 2 oxygen consumption (MVO ) of stunned myocardium has for excitation-contraction coupling is consumed by the SR 2 21 been reported to be relatively high [1] . The underlying Ca -ATPase [8] , unchanged calcium transients may mechanism of this 'oxygen wastage' is presently unclear.
imply an unchanged VO for excitation-contraction cou- 2 During physiological conditions, MVO is used for pling (b?E , Fig. 1 ). In accordance with these arguments, 2 e s basal metabolism, excitation-contraction coupling and Ohgoshi et al. [9] observed in isolated stunned dog hearts myofibrillar work [2] (Fig. 1) . Although contractility (E , that the oxygen cost of contractility (b, Fig. 1 ), i.e. the es Figs. 1 and 2) is decreased in stunned myocardium [3] , amount of non-myofibrillar VO used per unit of contrac-2 tility, was increased. These authors also showed that the increase in b is not only due to a decreased myofibrillar can be determined in isolated hearts, the individual contribution of a and b to total MVO consumed during normal 2 working conditions can only be determined in the in vivo situation. Moreover, as SSA is highly load-dependent and isolated hearts lack normal loading conditions, the change in the contributions of a and b to total MVO in stunning 2 is presently unknown. Consequently, it remains unclear to what extent the oxygen wastage of in vivo stunned myocardium can be explained by VO for excitation- consumed by the (calcium) pumps and depends on contractility (E ); es 21 g / HR is the basal metabolism per beat. As basal metabolism is constant Ca -sensitizers restore the decreased myofibrillar 21 per minute, the basal metabolism per minute (g ) is divided by heart rate Ca -sensitivity of stunned myocardium [13] . These drugs (HR) . See text for further details about the calculation of MVO , SSA, 2 decrease oxygen cost of contractility [14, 15] function by increasing Ca transients. However, if a calcium sensitivity, but also due to inefficient calcium decreased myofibrillar efficiency also contributes to the cycling and the existence of futile cycles [10] . 21 oxygen wastage of stunned myocardium, Ca -sensitizers However, in normal myocardium VO for excitation-2 will only partly reverse the oxygen wastage, unless they contraction coupling comprises only up to 20-30% of total also restore myofibrillar efficiency. This is not unlikely, as MVO [11] , and it seems therefore likely that at least a 21 2 Ca -sensitizers may act by slowing down the dissociation part of the excess MVO in stunned myocardium is also 2 of the actin-myosin cross-bridges or even by increasing caused by a decreased efficiency of the myofibrils, which their force rather than by increasing the number of formed consume 60-70% of total MVO in normal myocardium. 2 cross-bridges [13] . Some in vitro studies have shown an Hence, we postulate that the amount of myofibrillar VO 21 2 unchanged myofibrillar efficiency for Ca -sensitizers consumed per unit of myofibrillar work (a; Fig. 1 ) is also [16, 17] , but these findings are constrained by the aboveincreased in stunned myocardium, while VO for myofib-2 presented arguments. Consequently, we also investigated rillar work remains unchanged (a?SSA). However, studies whether EMD 60263, which does not have a 39,59-cyclic on myofibrillar efficiency of stunned myocardium are monophosphate (cAMP)-mediated effect [18, 19] , normalequivocal ( Fig. 1:1 /a) [9, 12] , showing both a decrease and izes the increased oxygen cost of contractility and the an increase in efficiency. myofibrillar efficiency in stunned myocardium. A drawback of the aforementioned studies is that they have been performed in isolated hearts beating isovolumically or at a constant stroke volume. Although a and b
Methods
All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals as published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Instrumentation
Crossbred Yorkshire-Landrace pigs (29-43 kg, n518) were anesthetized, intubated and ventilated with a mixture of oxygen and nitrogen, before instrumentation for infu- 21 21 sion of 10-15 mg?kg ?h sodium pentobarbital, saline, EMD 60263 (courtesy of Prof. P. Schelling, E. Merck) and the negative chronotropic agent zatebradine (courtesy of probes (Skalar, Delft, The Netherlands) were placed pressure of 50 mmHg was chosen to include stunningaround the ascending aorta and the proximal part of the left induced changes from convex to concave of the non-linear anterior descending coronary artery (LADCA). Distal to stress-strain relationships [3] . The area enclosed by the LV the flow probe, the LADCA was dissected for placement of stress-strain loop during a single heartbeat was determined an atraumatic clamp. To obtain local coronary venous as an index for regional external myocardial work (EW, in 23 blood samples, a cannula was inserted into the great J?m , Fig. 2 ) [21] . The stress-strain area (SSA), an index cardiac vein. Pacing leads were attached to the right atrium of total regional myocardial work, was calculated as the and connected to a pacing stimulator (Grass S9). Rectal area enclosed by the end-systolic and end-diastolic relatemperature was kept between 37 and 388C.
tions and the systolic trajectory of the stress-strain loop Segment areas and LV diameter were measured using [22] . Oxygen consumption of the LADCA region was ultrasonic crystals as described before [20] . Segment area calculated as the product of LADCA-flow and the arterialcrystals were implanted in the distribution area of the coronary venous oxygen content divided by the mass of LADCA and left circumflex coronary artery (LCXCA) the LADCA region [20] . The energy consumption per ml while LV diameter crystals were implanted in the LV of O was set at 20 J; this equivalence is independent of 2 anterior and posterior wall. the substrate [23] .
Experimental protocol 2.4. Statistics
After 30-45 min of stabilization, heart rate (HR) was To assess the effect of the various interventions on and stunning in the baseline and stunning data, the other min ) and 4000 mmHg?s (high dose, 1.1-5.5 mg?kg ? 21 GLM tested the effect of HR, dobutamine dose and EMD min ), was infused in random order. During each infu-60263 in the stunning data without or with subsequent sion measurements of hemodynamics and wall function infusion of EMD 60263. were made and blood samples [20] were taken at HR's of 21 To calculate the VO for myofibrillar work, the VO for 70, 100 and 130 beats?min (in random order). With the 2 2 excitation-contraction coupling and the VO for basal ventilator turned off, LV preload was gradually reduced by 2 metabolism, multiple linear regression was performed on inflating the balloon in the inferior caval vein [20] .
the pooled LADCA data of all animals using: MVO ?HR5 Stunning was produced by two 10-min LADCA occlusions 2 a?SSA?HR1b?E ?HR1g. To this end, animals were separated by 10 min of reperfusion [20] . Thirty min after es 21 encoded using dummy-variables. Subsequently, the two the second occlusion, animals received either 1.5 mg?kg conditions of stunning and stunning after administration of of EMD 60263 (n510) or saline (n58). Ten min later, in EMD 60263 were encoded separately as dummy-variables, all animals the saline, low and high dose dobutamine which were multiplied with SSA and E to create new infusions and measurements were repeated. In a time es dummies for differences in a and b, caused by stunning or control group (n53), all interventions described above stunning with EMD 60263. For each of these dummies, an with the same time protocol were performed, except that F-test was performed to evaluate their individual contributhese hearts were not subjected to the occlusion intervention to the entire regression model. Two data points with tion.
high leverage values out of 305 data points were removed from the analysis.
Data acquisition and analysis
The oxygen wastage in stunned myocardium was calculated by subtracting the predicted 'normal' MVO from the 2 Hemodynamic and segment area signals were digitized 'stunned' MVO . The predicted 'normal' MVO was 2 2 and stored on disk for off-line analysis. Systolic area calculated applying the baseline a, b and g to the stunning shortening (SAS, in %) was calculated as: [(end-diastolic SSA and E . The 'stunned' MVO was calculated applyes 2 area2end-systolic area) / end-diastolic area]*100%. Left ing the stunning a, b and g to the stunning SSA and E . The individual contribution of myofibrillar work, excitasionless) were calculated off-line [20] and end-systolic tion-contraction coupling and basal metabolism to the stress-strain (s 2e ) relationships were determined from oxygen wastage of stunned myocardium was expressed as es es the preload changes. The slope of this relationship, E a percentage of the total oxygen wastage.
es (end-systolic elastance), was calculated at a constant stress P values below 0.05 were considered significant. Only corresponding to a LV pressure of 50 mmHg at baseline significant changes are mentioned in the Results section, and taken as a measure of contractility [20] . (Fig. 2) . A unless stated otherwise. and EW were significantly decreased (59 and 63%, respecthe total regression (P,0.001). These a, b and g were not tively). In addition, stunning increased the positive effect significantly different from baseline a, b and g mentioned of dobutamine on EW (to 143% Fig. 3 ). Applying the baseline a, b and g to the SSA and efficiency is decreased; (iii) the relative contribution of E of stunned myocardium, a 'normal' MVO was both factors is such that oxygen wastage of stunned es 2 predicted that was significantly lower than the measured myocardium is caused mainly by an increased VO for 2 23 21 'stunned' MVO . For example, 10164 J?m ?beat was myofibrillar work and to a minor extent by an increased 2 21 predicted for a HR of 100 beats?min without VO for excitation-contraction coupling; and (iv) infusion 2 21 dobutamine, compared to the measured MVO of 137634 of a cAMP-independent Ca -sensitizer EMD 60263 2 23 21 J?m ?beat . From the difference between predicted reversed both these changes. 'normal' and predicted 'stunned' MVO , the 'wasted'
Oxygen wastage of stunned myocardium may be caused 2 MVO was for 72% myofibrillar VO , for 18% excitationby disturbances in energy generation or in energy con- oxygen consumption of stunned myocardium. This could Compared to baseline, stunning with subsequent infuinterfere with our results, as we did not directly measure sion of EMD 60263 yielded an unchanged a (P50.173), b ATP production. However, the efficiency of the mito-(P50.235) and g (P50.127, Fig. 3 ). Compared to stunning chondrial ATP production is undiminished in stunned alone, a and b were decreased (P,0.001 and P50.015, myocardium [25] . We may therefore assume that oxygen respectively), while g was unaltered (P50.349).
consumption adequately reflects ATP production, both in the normal and in the stunned myocardium.
The increased oxygen cost of contractility in stunned 4. Discussion myocardium is in accordance with observations in isolated dog hearts [9] , but the interpretation of the subcellular The major findings of the present study are that, in processes underlying this observation are not obvious. The regionally stunned myocardium in vivo: (i) the oxygen VO consumed per unit of contractility (b ) may be 2 21 cost of contractility is increased; (ii) the myofibrillar increased because of a decreased myofibrillar Ca -sen-EMD 60263, at a dose restoring systolic shortening in stunned myocardium [26] , reversed the increased oxygen cost of contractility in this study. Likewise, oxygen cost of contractility decreased in excised cross-circulated dog hearts and in human hearts in vivo with MCI-154 [14, 15] , but was unchanged in excised cross-circulated dog hearts with DPI 201-106 [27] , pimobendan [28] and EMD 53998 21 [29] , which is the racemic mixture of the Ca -sensitizer EMD 57033 and the phosphodiesterase inhibitor EMD 57439. The unchanged oxygen cost of contractility for pimobendan and EMD 53998 may be explained by their 21 combination of adenosine cAMP-mediated and Ca -sensitizing effects [15] . However, DPI 201-106 is not cAMPdependent and the unchanged oxygen cost of contractility for this drug remains unexplained.
EMD 60263 also restored the decreased myofibrillar efficiency of the stunned myocardium, which supports the hypothesis that EMD 60263 may slow down the dissociation of the actin-myosin cross-bridges or increase their force rather than increase the number of cross-bridges 21 formed, as has been shown for other Ca -sensitizing drugs [13] . An increased efficiency between force pro-21 duction and Ca -ATPase activity has also been shown for EMD 53998 [30] , but not for EMD 57033 alone [16, 17] . As far as we know, a restored myofibrillar efficiency caused by EMD 60263 has not been reported before for this drug. It is clear that a drug showing increased myofibrillar efficiency has energetic advantages over drugs that do not increase myofibrillar efficiency. 
Limitations
sitivity, causing the myocardium to generate less force at 21 maintained Ca transients, but also because of a deIn this study, we calculated regional stress applying an 21 creased efficiency of the SR Ca -uptake, causing the SR adaptation from the validated method of Goto et al. [21] as 21 to consume more oxygen for unchanged Ca transients, described before [20] . In our formula we used global LV or both. In addition, an energetically unfavorable redistripressure, as pressure is the same for the whole ventricle bution of calcium cycling towards sarcolemmal calcium and actually drops to zero at the epicardium in open-chest cycling and the existence of futile cycles may also pigs, and regional wall thickness, calculated from area contribute [10] .
changes assuming a constant regional volume. In addition, However, the extensive mathematical modeling underlywe calculated regional curvature of the LADCA region ing these latter two hypotheses rely upon the in-vitro from the regional posterior-anterior diameter, assuming a finding that the efficiency of the myofibrils remains local spherical geometry. This assumption may underunchanged [10] . The present study provides evidence that estimate regional stress in an absolute sense as the actual in stunned myocardium, myofibrillar inefficiency is the regional longitudinal wall radius may be larger than the major cause of the oxygen wastage, despite the increase of measured transversal one. However, as we studied regional the oxygen cost of contractility. This is plausible because stress in the same way for all animals in all conditions, we myofibrillar ATP consumption per cardiac cycle is 60-think that the relative changes in stress and energetics, on 70% of total energy consumption, while E-C coupling which our conclusions are based, will not be seriously comprises only 20-30%. In contrast to earlier studies we affected by this assumption. Subsequently, we used the determined the relative contribution of myofibrillar efposterior-anterior diameter to calculate regional stress in ficiency at normal working conditions. The decreased the LCXCA region, which may not be completely correct, myofibrillar efficiency implies that myofibrillar ATP utilias the diameter may increase after stunning the LADCAzation is less reduced than the generation of force, which is perfused territory, due to stretch of the LADCA region. consistent with the in vitro findings of Bezstarosti et al.
However, as LADCA stunning increased the diameter by [18] . 
